In this scene from the future, gene chip technology identifies a target microorganism and registers its presence in real time through telemetry. The miniature chip contains "capture genes," genetic sequences specific to dozens of different pathogenic microorganisms. When the target genetic material contacts the chip, it produces an electronic signal alerting the water management facility. The chip is just one of a number of technologies being developed in universities and laboratories around the country to assure water quality. When these technologies are available, they will save lives and prevent illness caused by waterborne disease. For now, however, water quality monitoring is mired in the past. This past has served the public well, but it is time to move ahead to better protect public health.
THE NEED FOR NEW TOOLS
For more than 100 years, the water industry has depended on methods that detect and count "indicator" bacteria by exposing water samples to nutrients, incubating the samples, and encouraging growth of bacteria that usually thrive in the human colon. If these "coliform" bacteria grow, they must have come from feces, and, therefore, the water must be contaminated. The rules that a good "indicator" organism should follow, while sound in principle, cannot be met by the current coliform bacterial indicator system. The many flaws in the current techniques make this indicator system unreliable. The test misses or fails to "indicate" disease-causing viruses-such as Hepatitis A or E, Coxsackie viruses, Adenoviruses and Norwalk viruses and indigenous pathogenic bacteria, such as Heliocobacter or Legionella, as well as parasites Cryptosporidium and Giardia. Many of these organisms are currently on the U.S. Environmental Protection Agency (EPA) "Contaminant Candidate List" and cannot afford to be missed. In addition, it has long been known that when coliform testing is used to evaluate water purity after disinfection, contamination can be and has been missed.
Outdated detection methods do nothing to identify and prevent serious global enteric waterborne disease from which over 2 million children die annually (WHO, 2000) . Newly identified microbes, such as the nanobacteria, unknown to many scientists, are ubiquitous in drinking water, yet the diseases they cause are not well established. There are as-yet-unidentified microbes that have been suspected to cause human disease, but for which culturing methods have not yet been developed. In the last decade, problematic changes have occurred, such as emerging antibiotic resistant bacteria, often found in water downstream from animal farms. Yet no good detection methods have been developed for addressing this trend. Current methods for testing water clearly do not adequately assess 1 the risk of waterborne disease, water quality, or even treatment needs.
Advances in microbiology have impacted every field of science, medicine, agriculture, bioremediation, space science, and defense technology (e.g., biological weapons). Specific, rapid, sophisticated methodologies are available, yet in water science and technology, industry and government have failed to support or take advantage of these new and powerful techniques.
NATURE AND SCOPE OF THE PROBLEM
Microbial water quality detection methods have become outdated, at a time when the risks to water supplies appear to be increasing. Because the hydrologic system is interconnected, water managers must be concerned with the quality of water used for all purposes-sustaining life, communities, and economies. Rainwater, surface water, ground water, and coastal and beach waters are all interconnected, and the water supply itself is connected to the food supply. National headlines report every year more swimming and fishing areas closed and more people getting sick from the water they drink. 23, 2000 , what many people in Walkerton, Ontario, suspected was confirmed. The town' s well water was contaminated with E. coli O157:H7. As of July 10, the outbreak had killed seven people and was being investigated in nine more deaths. Scores more had fallen ill-90 people had been admitted to the hospital, almost 1,000 were treated and released, and another 1,000 sought medical phone advice for treating diarrhea or cramps. Some children suffered permanent organ damage. Health officials believe that heavy rain had washed manure contaminated with the E. coli into wells at a time when the chlorination system was broken. Monitoring results were not available for at least 24 hours, and officials were slow to respond since the nature of the threat was not identified (Canada Communicable Disease Report, Oct. 2000) .
CONTAMINATED WELL WATER. On May
BEACH CLOSURES. For two months during the summer of 1999, the beaches were closed in Huntington Beach, California, due to high levels of enterococci and coliform bacteria, indicating high levels of contamination and potential risk to anyone using the beach. Local businesses suffered millions of dollars in lost revenue, and each day 30,000-40,000 beach goers had to forego their summer recreation. Officials pursued a number of suspects-a construction site where dredging material was illegally discharged into a storm drain, leaks in the sewage system, as well as storm waters discharged through wetlands. The source was never identified (Lemus and Weisberg, 2000) . Nationwide, 729 beaches were closed for at least one day in the summer of 1998. In total, more than 7,000 beach days were lost, mostly in New Jersey, California, and Florida. Almost every coastal and Great Lakes state reported having at least one beach where storm water was a known source of pollution at or near bathing beaches (National Resource Defense Council, 1999) .
DEATHS FROM A CONTAMINATED WATER
PARK. On June 11, 1998, hundreds of children playing in a water theme park in suburban Atlanta were exposed to a deadly strain of E. coli. Two children died of kidney failure and other complications; another 24 became ill. The Georgia Division of Public Health identified the source as fecal contamination and insufficient chlorine levels. Health investigators later genetically matched an unusual strain of E. coli O157:H7 found in the water to that in contaminated beef distributed by Bauer Meat Co. in Ocala, Florida. Before being recalled, a third of the beef had gone to Georgia (Gilbert and Blake, 1998) .
CONTAMINATED SHELLFISH. In June 1998, 367 people who had eaten raw oysters in restaurants from Florida to California became ill with diarrhea, nausea, vomiting, and stomach pain. Americans had spent more than $11 million a year on Texas oysters, and that supply was suddenly suspect. To prevent further illness, oystering in Galveston Bay, Texas, was shut down for four months.
In July of 1998, the Centers for Disease Control and Prevention ran a test on a stool sample and found a virulent serotype of a common bacterium, Vibrio parahaemolyticus. The strain, O3:K6, common in Southeast Asian waters, had not been reported in the United States since 1972. Although scientists widely tested Galveston Bay oysters for the strain, they never found it. In the meantime, oystermen mortgaged their homes and risked bankruptcy (Barwick, et. al., 2000) .
Flooding, pollution, or sewage runoff can elevate bacteria or virus levels in oyster habitats, and, since oysters are filter feeders, these bivalves can become pathogen reservoirs. Enteric pathogenic viruses were found in coastal waters and shellfish harvesting waters in the absence of indicator bacteria and were highly associated with rainfall and nonpoint sources of pollution, such as septic tanks (Lipp, et. al., 2001 ). This type of pollution also changes the ecological nature of the microorganisms that reside in these waters, affecting fish and the fishing industry. Bacteria, such as Aeromonas and Vibrio, cyanobacteria, and Phiesteria, may bloom and, as a result, affect fresh waters, estuarine, and coastal waters, thus affecting the health of the fish and even humans (Grimes, 1991) .
In the future, water quantity will be an issue, as well as water quality. The challenge will be to have enough water where and when it is needed. As the human population increases, so too do coastal populations. Nearly two-thirds of humanity already resides within a 50-mile radius of a coast, often in close proximity to poorly treated sewage discharges. Coastal waters increasingly are relied upon for harvesting shellfish and finfish raised in aquaculture to supplement dwindling fish catches from the oceans.
Moreover, the movement in human populations from one region to another has increased over the past 20 years, and new transportation routes easily reach what were once remote destinations. The speed of human movement has increased as well. With many more people relying on air travel that takes them thousands of miles in a matter of hours, pathogens can reach new hosts with jet-set speed. Increasing globalization of trade also increases risks. Scallops caught off Scotland are sold in Australia; oysters raised off the coast of South America are sold in North America. In some cases, such aquaculture products have been documented to disperse harmful microbes to distant regions of the world. World trade organizations and agreements, such as the North American Free Trade Agreement (NAFTA), have suggested that food, as it enters the global food market, should have an equivalent level of microbial safety. This implies that the presence of pathogenic microbes in fish or shellfish in unacceptable, yet no approach for monitoring has been implemented.
Governments, utilities, and communities will have to find the right balance among treating water, protecting watersheds, and enabling the full spectrum of human water uses. New monitoring tools will help us reach that balance in a cost-effective way while protecting human health. New techniques will aid development of strong early warning systems, reliable field diagnostics, symptom treatments, and more effective remediation of impacts from harmful microorganisms. New technologies have an exciting future-but only if we invest in them.
MICROBIAL RISK ASSESSMENT
Investment should begin with improving microbial risk assessment techniques. Risk assessment is the process of integrating scientific data regarding an environmental hazard into a framework to address the risk of exposure and the potential health impacts. This process has proven invaluable to the regulatory community, industry, and risk managers who must conduct comprehensive evaluations of everything from total maximum daily loads (TMDLs) to a watershed to viruses in groundwater to shellfish and fish safety associated with the global fish market.
Biologists have only recently begun to use this methodology to examine the risks microorganisms pose through contaminated drinking water, recreational water, or water in which shellfish is harvested. Through developing microbial risk assessments, scientists not only identify potential health hazards, but also can determine the adequacy of the underlying data. A risk assessment allows scientists to zero in on the data gaps most critical to improving the precision of their assessment. Unfortunately, those gaps are large and many. Risk assessments have generally been poor, due to a lack of information on everything from the prevalence of specific microorganisms, to their health effects, and their genetic code.
For most waterborne pathogenic microorganisms, historical databases on occurrence in water are sparse or lacking. The general public fully understands vacation diarrheal episodes, but there is little or no data available on the sources of these episodes, the type, or extent of waterborne diseases. Oceangoing tourists, for example, suffer episodes of diarrheal diseases. The alltoo-frequent cases of such diseases are attributed to overindulgence in rich foods, when more probably contaminated coastal waters or seafood are the culprits. All of the microorganisms currently on the EPA' s "Contaminant Candidate List" lack a database, thus no assessment on exposure can be made. The List has been prepared to address emerging risks to water, and a new list should be developed every five years. An adequate risk assessment needs to address both health risks and exposure. It is anticipated that only one of the microbes on the current list will be addressed by the time a new list is developed. 
VIRUSES
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The coupling of risk assessment with microbial monitoring information may require advances in the Microbial Risk Assessment framework. For instance, there is increasing evidence that diverse microbial species exchange genetic elements responsible for pathogenicity. If so, risk control would benefit from a better understanding of the occurrence of these genetic elements, the dynamics of the genetic exchange, and the gene sequences themselves.
The integration of the risk assessment framework and the application and development of new tools is shown in Figure 1 . One may enter the risk framework through the disease pathway or the detection of the microbe in water or suspicion that the microbe is in water. While culture techniques have been the focus of environmental microbiology, it is clear that this approach does not allow for complete characterization of risks; it also delays characterization. Culture-in and of itself-is a minor and nonessential component of the approaches necessary for risk assessment.
The conventional risk framework includes:
■ Hazard identification (types of pathogens and description of illnesses, hospitalization, and mortality).
■ Dose-response (quantitative relationship between dose and outcome, e.g., ID50, the number of microbes required to initiate infection in 50% of the exposed population).
■ Exposure assessment (prevalence, concentrations, distribution in time and space in water or food consumed).
■ Risk characterization (the quantitative likelihood of potential adverse health outcome based on the above). Where is microbe X distributed?
How long does microbe X persist in water?*
When is microbe X found in water?
What is the virulence of microbe X?
*both in water source and treatment process
Many waterborne microorganisms are not culturable or are inefficiently cultured. This includes many viruses and bacteria, such as Legionella and Helicobacter. In addition, waterborne bacteria may transition from an easily culturable state to a nonculturable state of existence, thereby falsely suggesting that they have died (Colwell and Grimes, 2000) . Thus, the immunological and, in particular, the genetic/molecular methods provide an immediate approach that can be used to gather necessary data on occurrence, prevalence, virulence, and even viability and quantification in some cases. These methods and data will add not only to the exposure assessment, but to the hazard identification and doseresponse assessment.
Emerging risks could be evaluated, and risk management implemented. Risk, such as BSE and the possibility of waterborne transmission of prions, needs to be assessed. Because BSE can be transmitted through ingestion and is resistant to disinfection, it is likely through the disposal of animal wastes and byproducts that these prions are found in water and pose a public health risk. Antibiotic resistance and the risks of gene exchange accelerated through the water transmission route are of growing concern. There is increasing evidence of diverse microbial species exchanging genetic elements responsible for pathogenicity. If so, risk management would benefit from better understanding of the occurrence of these genetic elements, the dynamics of the genetic exchange, and the gene sequences themselves.
Risk assessment is an acceptable, scientifically based, and credible method for addressing environmental hazards and developing risk management methods that will protect public health. How-ever, the assessment of microbial waterborne disease risks cannot be approached without the addition of new tools.
RECOMMENDATIONS:
■ Incorporate new tools into the risk assessment framework.
■ Begin addressing risks, such as BSE and genetic resistance, pathogenicity, and gene exchange.
■ Address the microorganisms on the "EPA Microbiological Contaminant Candidate List" using the new integrated risk assessment framework and tools.
■ Formulate an international commission to address implementation of this approach worldwide.
NEW MOLECULAR TOOLS
In the era of the Human Genome Project and the announcement of the complete sequencing of the genetic information that makes up a human being, it is clear that the tools for characterizing microorganisms exist. This genetic assessment also leads to knowledge of proteins and functionsin this case, the potential for causing waterborne disease. (Harwood, et. al., 2000) .
Genotyping, or molecular characterization, is a powerful new tool for source identification of microbial contaminants. Molecular characterization of microbial contaminants in water typically consists first of concentrating and purifying the genetic material, followed by DNA/RNA extraction, and nucleic acid amplification. The amplified nucleic acid would then be analyzed by either restriction fragment length polymorphisms (RFLP) for patterns, restriction digest for presence/absence of specific sequences or sites, or DNA sequencing. Scientists regard DNA sequencing as the most discriminating method, able to distinguish between microbial strains because whole regions of the genome can be compared base-by-base.
New molecular methods for typing will assist in the identification process during outbreaks and contamination events. For example, scientists searched a national genetic database that catalogs all known genetic fingerprints of E. coli O157:H7. The search revealed that the E. coli found in a contaminated water park in Georgia was genetically identical to E. coli found in meat sold by a patty distributor in Florida (Gilbert and Blake, 1998) . However, although the strain was highly unusual, scientists could not be certain that the tainted meat was the original source of the water park E. coli. The deadly strain could have entered the park through another means. Because E. coli infections are rarely genetically mapped-even when they are reported-some other unidentified contaminated food could have led to the fecal introduction of the water park E. coli. In contrast, during the Huntington Beach closure investigations that cost 2 million dollars, the source was never identified and no new techniques were utilized during this investigation Many challenges exist. Specific gene target approaches rely upon often scanty knowledge of the frequency of the target gene within the host community. The trait' s frequency will determine the sample volume needed to test for the microbe. Some tests use restriction fragment length polymorphisms to identify fecal organisms. accuracy of these tests requires databases that represent the genetic variation that naturally exists within the target population.
The vast majority of harmful aquatic microorganisms have not yet been sequenced. However, geneticists are sequencing new organisms at a rapid clip, and the sequences are commonly deposited in GenBank, the genetic sequence database of the National Institutes of Health. In June 2000, its annotated collection of all publicly available DNA sequences encompassed approximately 8,604,000,000 bases in 7,077,000 sequence records.
As useful as this resource is, problems remain. For instance, there is no peer review or validation of sequences that are incorporated into GenBank. Responsibility for corrections of sequence data falls to the submitting author, who may not even be aware that errors exist in the sequence. Errors may be introduced during genetic amplification, by cloning enzymes, base calling software, and chimeric PCR products. Criteria for generation, editing, and submission of new sequences need to be developed and disseminated to the scientific community. Insufficient oversight of deposited sequences compromises the quality of information available to other investigators. Guidance is needed because highly accurate genetic sequences are becoming ever more integral to the molecular techniques upon which future microbial risk assessment relies.
As these examples show, more resources are needed to increase the usefulness of many of the new molecular techniques. Genetic databases must be expanded. Scientists must establish test specificity, sensitivity, and stability, as well as potential temporal and spatial variations in the target. Yet, despite these challenges, new genetic techniques offer the best hope for comprehensive, accurate, and timely detection of microbial contaminants in water. Fecal coliforms have been used extensively for many years as an indicator for determining the sanitary quality of surface, recreational, and shellfish growing waters. In recent years, scientists have learned more about the ways in which the coliforms' ecology, prevalence, and resistance to stress differs from many of the pathogenic microorganisms they are proxy for. These differences are so great that they limit the utility of fecal coliforms. Therefore, numerous alternative microbes have been suggested to play the role of indicator, including E. coli, enterococci, Clostridium perfringens, male-specific coliphages, and bifidobacteriaphages. Alternative chemical indices have also been suggested as complements to fecal coliforms. These include corprostinol or caffeine compounds. A drawback to these alternatives is that their ability to assess risk from water usage is unclear.
Before alternative indicators replace or augment fecal coliforms, their application must be specifically defined to ensure that they do a better job than the coliforms themselves in reflecting health risk. 5 Many of the alternate indicators that have been suggested to date require further development and evaluation before they can be reliably and widely implemented.
CRISIS MANAGEMENT
By their nature, outbreaks of waterborne disease always come as a surprise. From 1997 to 1998, a surveillance program run by the Centers for Disease Control and Prevention (CDC) and the Environmental Protection Agency (EPA) reported 17 outbreaks associated with drinking water and 32 outbreaks attributed to recreational water. The disease agent was identified in 41 of the 49 outbreaks. More than 4,166 became ill, and five people died. Disease organisms ranged from E. coli O157:H7 to the parasite Cryptosporidium; Naegleria fowleri caused four fatal cases of meningoencephalitis. Undoubtedly, many other outbreaks went unreported.
When an outbreak occurs, expertise and communication must exist to recognize it as such. An outbreak both demands immediate action to limit the outbreak, identify and treat the ill, and all possible steps to prevent a similar outbreak from occurring. It also offers public health workers and microbiologists an opportunity. During an outbreak, such as when 367 people across the United States became ill from shellfish poisoning, medical personnel often have the disease organism in hand. This is an opportunity to genetically amplify it, sequence it, study it, and compare it to other virulent pathogens. In addition, health workers should be learning all they can from disease outbreaks for data that can feed into the risk assessment framework. CDC and EPA attempt to use their surveillance programs for a number of things, including determining why the outbreaks occurred; establishing the disease agent and its epidemiology; training public health personnel to detect and investigate other outbreaks; and collaborating with local, state, federal, and international agencies on initiatives to prevent waterborne diseases. They use surveillance data to identify major deficiencies in providing safe drinking and recreational water. However, in most outbreaks, it is rare that all these areas are adequately covered.
One of the problems with the current national outbreaks reporting system is the lack of details recorded during the investigation. The location of the plant intake or well involved should be identified by Global Positioning System. The exact timing of the outbreak (starting and ending dates) should be recorded. In most outbreaks, the source of contamination and, often, the etiological agent are not identified. Both EPA and CDA should make outbreak investigations a high priority.
These limited and passive efforts do provide a national database of reported waterborne disease. But across the United States, utilities or agencies involved in outbreaks may not possess the in-house expertise or knowledge of molecular techniques that would be useful in identifying the source of the outbreak. To disseminate such knowledge, health workers and microbiologists need to develop a national web page that identifies general crisis management principles and provides contact information for medical and scientific resources. It could also provide information on data collection that will aid the broader purpose of risk assessment. Agencies and associations that might be involved with the development of such a site are CDC, EPA, American Water Works Associa-tion (AWWA), and Water Environment Federation (WEF). 
BARRIERS TO NEW TOOLS FOR WATER SAFETY
